This ionic regulation is th e resu ltan t o f th e follow ing p ro cesses: a ctiv e absorption b y th e gills o f sodium , p otassium , calcium and chloride a t a rate greater th an th a t at w hich th e y are lost b y d iffu sio n ; differential excretion b y th e antennary gland, w hich ten ds to conserve p otassium and elim inate m agnesium and su lph ate; inw ard diffusion across th e gills o f m agnesium and sulphate in accordance w ith th e con centration gradient.
I n t r o d u c t io n
The problems of osmotic and ionic regulation have attracted much attention in recent years, especially after the revival of interest in the sub ject by the work of Duval (1925) and Sclilieper (1929 a). Among inverte brates interest has centred mainly around the decapod Crustacea. Certain important points have been established with regard to the reactions of several species to variation in the composition of their environment, but the nature of their osmoregulatory mechanisms remains obscure, and the extent of their powers of ionic regulation has not yet been fully described, much less accounted for. Since there are good reasons for believing th at osmotic is secondary to ionic regulation (Pantin 1931 this investigation is primarily concerned with the latter process, but it attem pts also to establish the nature of the connection between the two. I t was thought th a t an intensive study of a single species was most likely to yield useful results. The common shore crab, Carcinus , was selected, not only for reasons of convenience, but also because its osmotic behaviour has been studied by several authors, especially Fredericq (1904) , Duval (1925) , Schlieper (1929 a) , Margaria (1931) , Bateman (1933) and H uf (1936) , and is by now fairly well known, and because it is the only form other than Eriocheir (a much more highly specialized type from the physiological point of view) th a t is known to have well-developed powers of both osmotic and ionic regulation.
Carcinus mamas is sufficiently euryhaline to be able to live permanently in water of which the chlorinity is as low as 5-5°/00 (Duval 1925) . This is achieved partly by osmoregulation, and partly by ability to tolerate a fall in the concentration of salts in the blood. Duval showed th a t the blood of Mediterranean specimens, which were kept in dilute sea water of 7 °/Q O chlorinity, contained 14°/00 Cl when equilibration was complete. This is only 65 per cent, of the concentration normally present in the blood of Mediter ranean specimens. Schlieper (1929 a) found th a t the blood of crabs living naturally in the dilute waters of the Baltic (Cl = 7 °/00) had also a chlorinity of 14°/00, as against 18-19°/00 for those from the N orth Sea.
T h e n o r m a l c o m p o sit io n o f t h e b l o o d
Analyses of the blood of Carcinus have been made by Bethe (1929) , Bethe and Berger (1931) and Bialaszewicz (1933) . Their figures, wrhich are set out in table 1, agree in showing th a t the blood differs markedly in composition from sea wrater. I t has been pointed out (Robertson and Webb 1939; Robertson 1939 ) th a t the analytical methods used by these authors leave much to be desired, so th a t their actual figures need not be taken too seriously. Nevertheless they indicate th a t the direction in which the com position of the blood of Carcinus differs from th a t of sea water is in a higher content of potassium and a lowrer content of magnesium and sulphate, so th a t it falls into line with all other known cases of ionic regulation.
Clearly the first step necessary for an elucidation of the regulatory mechanism was to obtain some more accurate analyses of the blood of indi viduals living under normal conditions. Most of the crabs were obtained i n Carcinus m aenas 109 from M illport: a few from Plymouth. At both stations their normal habitat was water of 18-19°/00 chlorinity. All the individuals used were large males, of 70-120 g. weight, which had neither recently moulted nor were obviously about to moult. Before the blood samples were taken the crabs were kept for at least 48 hr. in natural sea water, of which the chlorinity was determined concurrently with the analysis of the blood. This sea water was in all cases of very nearly the same concentration as th a t from which the crabs had been originally taken, and for such small differences as may have existed a period of 48 hr. is ample for complete re-equilibration of the blood. The blood was withdrawn by inserting a glass cannula into the basal joint of one of the walking legs. I t was stirred, centrifuged, and the plasma poured off the corpuscles, within five minutes of being drawn. The analytical methods used were those described by Robertson and Webb (1939) , except th a t some of the sulphate estimations were performed by a barium iodate method (Webb 1939) . Each sample analysed represents the combined blood of two, or sometimes three, individuals. In all cases the specific gravity and percentage of total solids were determined, so th a t the con centrations of the individual ions could be expressed in terms of weight of water instead of volume. They are expressed in table 2 as percentages of the concentrations in the external medium, the latter also being calculated in terms of weight of water. The protein figures, which must be regarded as only approximate, are obtained by subtracting the weight of salts from the weight of total solids. I t will be seen th at the chloride content of the blood is almost identical with th at of the sea water. The difference does not exceed 2 %, and of this about half may easily be due to experimental error. On the other hand the concentrations of sodium, potassium and calcium are considerably higher, and those of magnesium and sulphate much lower in the blood than in sea water. If, however, a true idea is to be obtained of the extent to which the com position of the blood differs from th a t which would result from a passive equilibrium, it is necessary, as has been emphasized by Robertson (1939) , th a t a comparison should be made, not with the external medium, but with the blood after dialysis against this medium across a membrane permeable to water and to salts but not to proteins. This dialysed blood will differ in composition from the medium against which it is dialysed for two reasons: first, because of the redistribution of ions to fulfil the conditions of a Donnan equilibrium, and secondly because of the possible existence of un dissociated compounds of some of the ions with proteins. Two samples of blood were accordingly dialysed against sea water across a relatively permeable collodion membrane. The outside solution (sea water) was stirred by a stream of air, and it was saturated with toluol to discourage bacterial action. The composition of the fluid thus obtained is compared in table 3 with the original blood and with the sea water against which it was dialysed. The high figure for calcium in the first column agrees with the findings of Robertson (1937) and indicates th a t some of the blood calcium is present in an indiffusible and undissociated form. The remaining ratios do not depart further from those expected in a Donnan equilibrium than may be accounted for by experimental error. Averaging the ratios for the univalent ions and the square roots of the ratios for the bivalent ions (other than calcium) a mean ratio of r -1 -026 is obtained, where
T a b l e 1. P r e v io u s a n a l y s e s of t h e b l o o d o f C^r c in u s , t h e c o n c e n t r a t io n OF EACH ION BEING EXPRESSED AS A PERCENTAGE OF THE CONCENTRATION IN WHICH IT OCCURRED IN THE WATER FROM WHICH THE CRABS WERE TAKEN
This is somewhat higher than the ratio found by Dailey et (1931) for the blood of
Limulus,but in their case the protein content was only 2-5 %, whereas in the samples analysed in table 3 it was at least double this figure. Furthermore, all the protein in the blood of Limulus appears to be haemocyanin, which has a relatively low base-binding capacity, whereas in Carcinus a comparison of the copper content (average 70y per ml.) with the protein content (average 5-5 g. per 100 ml.) shows th a t over half the protein must consist of albumins and globulins. For human serum, which contains about 7-5 % of proteins, mostly albumin and globulin, the Donnan ratio is about [1] [2] [3] [4] (Van Slyke 1926) , so th a t a figure between 1-025 and 1-03 seems reasonable for the blood of Carcinus. I t appears therefore th a t by some active process Carcinus is able to raise the concentration of potassium, sodium, calcium and chloride in its blood, and to lower th at of magnesium and sulphate with respect to the equili brium values. I t is im portant to notice th a t the chloride content of the blood is greater than the equilibrium value, although it is usually less than th at of the outside water, especially when expressed in volumetric terms and not with respect to the water content of the fluids. The observations made by Bateman (1933) on chloride concentration lead to the same con clusion. It is true th a t Duval (1925) found th at the chloride concentration of the blood of Mediterranean specimens was only 90 % of th at of the water, expressed in terms of volume. This, corrected for water content, corre sponds to about 94-5 %, which, even allowing for the Donnan effect, is well below the equilibrium value. But there is reason to suspect some of Duval's chloride analyses in so far as the ratio which he obtained for the freezing-point and chlorinity of sea water 0-102) differs by 6% from th a t derived from the formulae given by Thompson (1932) , which are universally used in oceanography (A/C\v = 0-096).
If the figures in table 3 are compared with similar figures given by Robertson (1939) for Homarus and C a, it will b tendency is the same in all three genera. In Homarus the departure of the concentrations of potassium, magnesium and sulphate from the sea-water values is more marked than in Carcinus; in Cancer it is rather less marked. The figures for sodium are very much the same in all three. From this it may be inferred th a t no simple correlation exists between powers of osmotic and of ionic regulation, for with respect to ionic regulation Carcinus is intermediate between Cancer and Homarus, but with respect to osmotic regulation it is Cancer th a t is intermediate between the other two, since it possesses a limited power of osmoregulation (Duval 1925; Schlieper 19296) which is completely lacking in Homarus. Nevertheless, as will appear later, the mechanisms underlying the two processes are very similar.
P r e v io u s e x p l a n a t io n s o f io n ic r e g u l a t io n
That there is a general tendency throughout the animal kingdom for the body fluids to be rich in potassium, and poor in magnesium and sulphate, in relation to the concentrations in the environment, is clearly brought out by the analyses of Bethe and Berger (1931) , Bialaszewicz (1933) and Macallum (1926) . As far as the accumulation of potassium is concerned, the phenomenon is also to be observed in the m ajority of animal and plant cells, and has been studied most intensively in mammalian erythrocytes and in certain algae such as Valonia. The erythrocyte appears to act as a passive, cation-impermeable system, in true equilibrium with the plasma, retaining in its interior for the course of its comparatively brief life the store of potassium with which it started. I t is therefore of little relevance to the problem under discussion. In the case of the large plant cells the equilibrium must be an active one, but in other respects, for example the exclusion of sodium, the phenomena differ from those observed in the ionic regulation of the body fluids of animals, and it is by no means certain th a t the same interpretation will serve for both processes. Osterhout and his school, and also Brooks (1929) and Briggs (1930) have attem pted explana tions of the accumulation of potassium by plant cells of this type. All such schemes require the constant production within the cell of carbon dioxide or an organic acid. Such a state of affairs (the redistribution of ions about a membrane, on account of the production on one side of it of an electrolyte, of which the two constituent ions penetrate the membrane with different velocities) has been studied in a generalized form by Teorell (1935 Teorell ( , 1937 and Meyer and Sievers (1936) . Teorell has pointed out th a t the Donnan equilibrium is only a special case of this condition, in which the velocity of one of the ions through the membrane is zero. His figures would seem to render it very doubtful th a t any living system is capable of producing con tinuously an electrolyte of the requisite properties, in sufficient quantity to bring about any significant redistribution of the solutes in a solution as concentrated as sea water. In any case all work on Valonia needs recon sideration in view of the recent demonstration by Brooks (1938 Brooks ( , 1939 ) th a t alternating phases of accumulation and release of cations by the proto plasmic layer must greatly complicate the kinetics of their penetration into the sap.
Of explanations dealing more specifically with the body fluids of marine invertebrates those of Scholles (1933) and Pantin (1931a) demand con sideration. Scholles, from his own analyses and those of Bialaszewicz (1932) , came to the conclusion th a t ionic regulation in Crustacea could be attributed entirely to the powers of differential excretion possessed by the antennary gland. As will be seen below, this is an im portant factor, but one which cannot by itself account for the difference between the com position of the blood and th a t of sea water. Pantin, writing before any analyses of the urine of marine invertebrates had been published, suggested th a t even if the urine were identical in composition with the blood, dif ferences between the composition of the blood and th a t of the surrounding water could arise from differences in the rates at which the various ions penetrated the body surface. The flaw in this idea has been pointed out by Robertson (1939) , who argues th a t a potassium ion, no m atter how great its mobility, will never penetrate inwards through the body wall against a concentration gradient by virtue of diffusion alone. The weak point in Pantin's analogy of a leaking vessel being continuously baled out is th a t there is in the animal nothing to correspond to the hydrostatic pressure which causes the water to enter the boat, for no animal maintains a negative blood pressure. And even if, through vital activity of the mem brane, water were enabled to enter at the appropriate rate, it is clear, for the reasons given by Robertson, th a t the system could apply only to an animal whose blood had lower concentrations of all the ions in question than those in the external medium, and was therefore markedly hypotonic. This state of affairs may well exist in such genera as (Baumberger and Olmsted, 1928) , Heloecius (Dakin and Edmonds, 1931) , (Edmonds, 1935) , Eriocheir (Conklin and Krogh, 1938) , (Panikkar, 1939) , and Leander (Panikkar, 1940) . All these forms, when living in sea water, maintain their blood hypotonic to the environment. Analyses for single ions have been made only on the blood of Eriocheir, and these are incomplete and probably not very accurate; but it is quite pos sible th a t in some instances the concentration of all ions is lower in the blood than in the environment. If this were true, the steady state con sidered by Pantin would be realized, and might become the determining factor in ionic regulation, but it certainly cannot arise in such forms as Carcinus, which, as P antin himself points out, is if anything somewhat hypertonic to its environment. (1) Evidence for permeability to water and salts. For many years all dis cussions on the osmotic relations of aquatic animals were conducted on the assumption th a t their outer surfaces behaved virtually as ideal semipermeable membranes. This view, although it had been questioned before, was first challenged effectively by Bethe (1929) who claimed to show th at the surfaces of Aplysia and Carcinus were permeable to salts as well as to water. The experiments which he described in this paper have been sub jected to a certain amount of criticism, but Bethe's general thesis must now be taken as proved beyond all reasonable doubt (see Berger and Bethe 1931; Bethe 1934) . The only recent dissentients from this view have been Adolph (1936) and Maloeuf (1937) . The former measured the changes of weight in Phascolosoma when immersed in hypotonic and hypertonic media, and claimed th a t the animal acted as a semi-permeable osmometer, but, as Krogh (1939) points out, his d ata do not really support this contention. Maloeuf found th a t the isolated gills of Cambarus could be made to swell and collapse repeatedly by immersion alternately in distilled water and a salt solution hypertonic to the blood; this was held to show th a t the gills were semi-permeable even after the cells might be presumed to have been killed. Probably his experiments were of too short duration to be regarded as conclusive, and his observation in the same paper, th at when a crayfish dies by exposure to too strong a salt solution its blood is found to have become isotonic with the external medium, is scarcely com patible with an impermeability of the integument to salts.
I t may therefore be taken as established th a t in general the surface of aquatic animals is to some extent permeable to salts. Specific observations on Carcinus are not very numerous, but some of them seem to be fairly conclusive. Nagel's experiment mentioned below (p. 127) gave a clear proof th a t under certain conditions chlorides can pass inwards through the body surface. Some of Bethe's (1929) original experiments leave little doubt th a t magnesium, the least mobile of the cations in sea water, can diffuse inwards, and Berger and Bethe (1931) showed th a t not only the body surface as a whole, but even the calcified cuticle of the carapace, possesses a measurable permeability for iodides.
No sooner was it generally agreed th a t the integument of Carcinus is permeable to salts than it was suggested th a t it is impermeable to water. This idea seems to have originated in an obiter dictum by Hill (1931) , and was given wider currency by Bateman (1933) . I t is difficult to see how it can ever have been taken seriously. Already Margaria (1931) had given a generally accepted explanation of the dilution curve of the blood in terms of permeability of the surface to both water and salts. It is well known th at excretion of water through the antennary gland goes on continuously even in full-strength sea water, and th a t this water must enter through the integument, since Nagel (1934) and others have shown th a t blocking up the mouth makes no difference to the salt and w ater exchange. Finally, a further proof is provided by the experiments of Bethe, von Holst and H uf (1935) and H uf (1936) , who showed th a t Carcinus gains rapidly in weight in diluted sea water if the regulatory mechanism is interfered with by blocking up the antennary glands.
Many of the observations reported in this paper are quite inexplicable unless permeability of the surface to water and salts is conceded, but the point need not be laboured further.
(2) The permeability of the c u t i c l e .* The only systematic inv th a t has been made into the permeability of the crustacean cuticle is th a t of Yonge (1936) , who used the uncalcified and relatively permeable lining of the foregut of Homarus. Some of his conclusions are rather startling. The permeability of the cuticle as a whole is effectively controlled by th a t of the epicuticle, the chitinous layer being freely and rapidly permeable to water and salts. Chlorides penetrate the intact cuticle in accordance with the mobility of their cations (except for NH4C1, which is abnormally fast), but the bivalent cations (Ca" , Mg", Ba" , Cd") are slowed up enormously in comparison with the univalent. The most remarkable finding is th a t in all cases these bivalent cations penetrated more rapidly in one direction * B y cuticle is m eant th e w hole o f the non-cellular m em brane th a t covers a crustacean. The outer, partly fa tty , layer is called th e epicuticle, the rem ainder th e chitinous layer. B y integument is den oted the cuticle together w ith th e hypoderm is.
This nom enclature differs from th a t o f Y onge ( 1932, 1936), b ut has the ad vantage o f conform ing to th at used for other arthropods.
(chitin to epicuticle) than in the other. Ammonia and fatty acids, on the other hand, penetrated only in the reverse direction (epicuticle to chitin) in experiments in which the membranes were suspended in air with the solution in contact with their upper side. These latter conditions are not of much physiological interest, but they led Yonge on to perform a series of experiments with ammonia and fatty acids, in which there was initially the same concentration on either side of the membrane. He claimed, though with some diffidence, th a t in all cases an accumulation of the solute took place on the side next the chitin, the concentration differences observed being of the order of 4 %.
If the crustacean cuticle really possesses these remarkable properties of differential and irreciprocal permeability it is clear th a t it might, without any assistance from the underlying epithelium, produce a considerable de parture in the composition of the blood from the expected equilibrium con dition. I have accordingly repeated a number of Yonge's experiments. A full account of these investigations, which are not yet completed, will be published elsewhere; in the meantime it is possible to summarize those re sults which bear on the behaviour of the cuticle under natural conditions, and to offer some criticisms of Yonge's procedure, which, though they do not attem pt to set aside his results, may give a partial explanation of their peculiar nature.
In general it may be said th a t my experiments show th a t under conditions which are approximately physiological the crustacean cuticle gives no evi dence of irreciprocal permeability, and th a t the relative velocities with which it is penetrated by the principal ions found in sea water are similar to those with which they penetrate cell membranes. By " approximately physiological conditions" is m eant th a t the solutions on either side of the membrane shall contain only chlorides and sulphates of the alkalies and alkaline earths, th a t they shall be balanced with respect to the concentra tions in which different cations are present, and th a t their total concen tration shall be of the same order of magnitude as th a t of sea water (say between 0-12 and 1-2 m ).
One of the disadvantages of the apparatus employed by Yonge was its assym m etry: th a t is to say the diffusion path was freer on one side of the membrane than on the other, a point which is all the more im portant since neither solution was stirred. This cannot in itself account for Yonge's anomalous results, but it greatly complicates their interpretation. A more im portant point concerns the recent history of the membranes, and their changes in permeability in accordance with the nature of the solution th a t bathes them. Yonge worked throughout with pure solutions of a single substance. B ut as there is reason to suppose th a t the epicuticle contains proteins as well as lipoids (Yonge 1932) , it is probable th a t its pro perties will be affected by the ionic balance of the surrounding medium. In practice it is easy to show th a t the addition of calcium chloride, sufficient to give a concentration of 0-01 m , to a 0-6 m solution of sodium chloride decreases the permeability of the membrane to sodium by about 5 0 %. This is in accordance with the well-known property of calcium of m ain taining impermeability (cf . Pantin 1931 b) . Under the conditions used by Yonge the difference in penetration rates between sodium and calcium chlorides is due partly, no doubt, to the real difference in permeability of the membrane for N a' and Ca" ions, but much more to the greatly diminished permeability to all ions induced by the presence of calcium. I t is also im portant to note th a t a membrane th a t has been immersed in dis tilled water or pure sodium chloride solution is much more permeable than one th a t has been kept in sea water, and th a t it is a m atter of some hours before these differences become adjusted in accordance with a new medium. I t is quite conceivable th a t the reaction of the membrane to such changes might take place more rapidly for a change on one side of it than for a change on the other, and th a t a certain degree of " irreciprocal permea b ility " might be brought about in this way.
Appropriate precautions were taken to eliminate all these complications. The apparatus used was symmetrical with respect to the plane of the mem brane, and the solutions on both sides were kept in motion. The solutions used were always concentrated or diluted sea water, and before each ex periment the membrane was soaked for several hours in a mixture of equal parts of the two solutions to be used.
Under these conditions, as has been stated above, no evidence of irreci procal permeability was found. The relative velocities of permeation of the different ions are set out in table 4. I t is impossible, owing to the com plexity and interaction of the electrical and concentration gradients set up across the membrane in such a system as this, to calculate absolute permeability constants for the various ions, and accordingly Na* and CT have been taken as standards and given arbitrary velocities of 100. The figures agree remarkably closely with those given by Koizumi (1935 a, 1935 b) for the relative permeabilities for the same ions of the isolated integument of the holothurian Caudina, which may, for this purpose, be presumed to be typical of inactive and unspecialized epithelia. I t would appear, therefore, th a t as far as the penetration of salts is concerned the presence of the cuticle will not produce any effect which is not already produced by the presence of the underlying epithelium. At most it may to some small extent exaggerate the difference between the velocities of the faster and slower ions. The absolute permeability to w ater of the material studied (lining of the foregut of Homarus and Cancer) varies considerably from one sample to another, but is usually of the order of 0-4/i3//^2/min./atm. If this figure is compared with the available data for the permeability of the surface of various cells (references will be found in Krogh (1939) and Lucke, Hartline and Ricca (1939) ), it will be seen th a t the crustacean cuticle is rather more permeable to w ater than the m ajority of cell membranes, though the figures are of the same order of magnitude. I t m ust be remembered, how ever, th a t the epicuticle of this material is about a hundred times as thick as th a t which covers the gills (Yonge 1932), and although there is as yet no evidence to show how much of the resistance to the penetration of water resides in the substance of the epicuticle and how much a t its surface, it seems reasonable to presume th a t the cuticle of the gills is at least three or four times as permeable as the cuticle of the foregut. Since, as is shown in the next section, most of the w ater exchange takes place through the gills, it follows th a t the epithelium is far more likely than the cuticle to be the factor which effectively controls the water flow.
T a b l e 4. R e l a t iv e p e r m e a b il it y o f t h e c u t ic l e o f t h e f o r e g u t o f H o m a r u s to d i f f e r e n t io n
I t may therefore be concluded th at, whatever the properties exhibited in vitro by the crustacean cuticle may be, it is unlikely under normal condi tions to have much influence on the salt and water exchange between the animal and its environment. F urther evidence in support of this con clusion may be derived from a study of the structure of the gills.
T h e g il l s
Bethe (1929), in his original observations on the permeability of the body surface of marine invertebrates to ions, observed th a t Aplysia re sponded, by changes both in its behaviour and in the composition of its blood, to alterations in the composition of the external medium far more rapidly than did Carcinus. He argued from this th a t diffusion of salts must take place through the body wall in general, rather than through the gills, since Carcinus has a far greater gill area than but a general body surface th a t is obviously much less permeable. This conclusion is open to objection on two grounds. I t assumes, in the first place, th a t the permea bility of the gills of two unrelated animals is likely to be about the same per unit area, for which there is no evidence. In the second place it fails to take into account the regulatory function of the antennary gland of Carcinus, which tends, by varying the rate of excretion of any ion in ac cordance with the rate a t which it is entering the body, to prevent, or a t any rate to slow up, changes in the composition of the blood. In point of fact it may be deduced from later experiments on iodide absorption (Berger and Bethe 1931 ) th a t in Astacus practically all the exchange of salts must take place through the gills, the rest of the body surface being responsible for 3 or 4 % a t the most, and perhaps much less. These authors conclude th a t this is to be explained rather by the large area of the gills than by their especially high permeability, and quote in support of this view an estimate by P u tter (1911) of 60 sq. cm. as the gill area of a crayfish weighing 20 g. Estimates which I have made on Carcinus, by counting the gill-lamellae and measuring, in a representative sample, the area of each, yield a rather lower figure, namely 50 sq. cm. for a body weight of 80 g. This difference is possibly correlated with the fact th a t Carcinus is phyllobranchiate and Astacus trichobranchiate. B ut even if we take the figure for Astacus the area of the gills is not much greater than th a t of the rest of the body sur face, and it follows th a t they m ust be considerably more permeable.
Granted then th a t the gills are the main path of salt and water exchange, it is of interest to examine their structure in species which possess in various degrees the power of osmotic or ionic regulation. Little has been published on the histology of the decapod gill; there is a general survey by Bernecker (1909) and special studies by Bock (1925) on Astacus, Chen (1933) on Grapsus and Allen (1892) on but much of this work, particularly of the last two authors cited, is concerned with structures irrelevant to the present problem. Sections were accordingly prepared of the gills of four representative marine species: Maia squinado, which is stenohaline, poikilosmotic, and with only rather feeble powers of ionic regulation (Bialaszewicz 1932); Carcinus maenas, which is euryhaline, partly homoiosomotic, and with considerable powers of ionic regulation; Homarus vulgaris, with even more highly developed ionic regulation (Robertson 1939), but stenohaline and poikilosmotic; and Eriocheir sinensis,* euryhaline and homoiosmotic to a greater extent even than Carcinus, and possessing also considerable powers of ionic regulation (Scholles 1933). The structure of the gills of these four species is illustrated in figures 1-4, plate 7. Since the euryhaline forms, Carcinus and Eriocheir, not only maintain an osmotic difference between their blood and the external medium, but also respond far more slowly than stenohaline forms to variations in the con centration or composition of the medium, it has been claimed th a t their surface is much less permeable to water and salts than th a t of the steno haline forms such as Maia (Schwabe 1933; Nagel 1934; Conklin and Krogh 1938; Krogh 1939 ). An examination of the photographs in plate 7 shows th a t if this is true it m ust certainly be ascribed to differences in the epi thelium and not in the cuticle. The cuticle of the gill lamellae is, perhaps, slightly thicker in Carcinus than in Maia, but in Eriocheir, which of all Crustacea hitherto examined is the most " w ater-tight" , it is apparently absent altogether. This remarkable fact cannot be ascribed to a fault in technique or to an abnormal condition of the individual examined, for the cuticle is well developed and quite plainly visible near the margins of each gill lamella. On following it towards the centre it rapidly becomes thinner and soon, w ithout any sudden break, ceases to be perceptible, except in very oblique sections, where it can sometimes be seen as a faint ghost-like film, of which the thickness is clearly below the limit of resolution of the microscope. At least 8 0 % of the gill surface is virtually naked. In the three other species the thickness of the cuticle is fairly uniform over the whole surface of the lamella. The epicuticle is about 0*5 thick, although in the photographs it appears much thicker; this is owing to the fact th a t it inevitably lies somewhat obliquely on the slide in a section which is thick. The chitinous layer is considerably thicker in Homarus than in Maia or Carcinus, but this is presumably without significance as far as permea bility is concerned. Bock's (1925) figures show th a t the same thick chitinous layer is found in Astacus.
These sections, therefore, provide further evidence for supposing th at the cuticle does not control the permeability of the gills or the animal's power of regulation, and th a t the epithelia must be responsible for the phenomena which have lent support to the idea of relative impermeability of the gills in Carcinus and Eriocheir, and also in Astacus (Huf 1933)-But if the epi thelium is responsible it is possible to explain the facts equally well in terms of active salt absorption as by assuming a passive impermeability. Reasons for preferring the former explanation are given later, but in the meantime attention may be drawn to the differences shown in plate 7 between the branchial epithelia of the different species. The thickness of the cytoplasmic i n Carcinus m aenas 121 layer interposed between the cuticle and the outermost blood lacunae can not be of any significance for the permeability of the epithelium, since the obstacle to the diffusion of water and ions lies not in the substance of the cytoplasm but in its bounding membranes. B ut the general development of the branchial epithelium may reasonably be presumed to afford some criterion of the extent to which active processes such as salt absorption are being carried out by it. I t is quite clear th a t the epithelium of Maia is feebly developed in comparison with th a t of the other form s; it is also, of the four species, th a t with the feeblest regulatory powers. Comparison of the trichobranchiate Homarus with the phyllobranchiate species is rather difficult, since the whole gill structure is rather different, but it would appear, judging by the figures of Bock (1925), th a t among the tricho branchiate forms the epithelium of Astacus (homoiosmotic) is better de veloped than th a t of Homarus.
These conclusions drawn from the differences in the branchial epithelium are not quite so conclusive as those afforded by a study of the cuticle, but they give a certain amount of support to the theory, which is developed below, th a t salt absorption by the gills is a sine qua non of osmotic and ionic regulation.
T h e r o l e of t h e a n t e n n a r y g l a n d
Attention has several times been drawn to the presence in the antennary gland of freshwater Malacostraca of a long segment, the nephridial canal, interposed between the labyrinth and the urinary bladder. In marine species, often of the same genus or family, this segment is short or absent.
(For examples and a few exceptions see Schwabe (1933) and Krogh (1939) .) The first definite function, from the point of view of salt and water balance, to be ascribed to the antennary gland'was the absorption of salts by this nephridial canal, so th a t species living in a hypotonic medium should be enabled to excrete the large quantities of water which must be presumed to enter osmotically, without at the same time losing salts, which for these species are valuable and hard to replace. That this in fact takes place in the crayfishes Astacus and Cambarus has been shown by Herrmann (1931) , Scholles (1933) , Peters (1935) , Picken (1936) and Lienemann (1938) . It seemed probable therefore th a t these conclusions could be extended to other homoiosmotic forms, and th a t osmotic regulation in general could be ascribed to a varying degree of salt conservation by the antennary gland. But the observations of Schlieper (1929 a) on Carcinus, Schlieper and Herrmann (1930) on T e l p h u s a ,Scholles (1933) on Eriocheir, and Nagel (1934) on Carcinus showed th a t these species, even when living in water hypotonic to their blood, excreted a urine isotonic with their blood. I t would appear therefore th a t the antennary gland in these euryhaline forms can have no osmoregulatory function. I t was from a knowledge of the earlier of these observations th a t Pantin's hypothesis, discussed on p. 113, was pu t forward. The criticisms to which this particular hypothesis is open do not mean th a t Pantin's general point may not be true-th a t the antennary glands may bring about ionic regula tion even if the urine is isotonic. At the time th a t he wrote no analyses of the urine of Crustacea were available. Since then figures have been pub lished by Bialaszewicz (1932) , Scholles (1933) and Robertson (1939) for marine forms, and by Scholles (1933) , Bogucki (1934) and Lienemann (1938) for freshwater crayfish. The latter are of less interest for our problem , since in freshwater species there is no constant relation between the con centrations of the different ions in the blood and in the external medium. The data for the marine forms are drawn up in table 5. I t is apparent th a t something more than ultrafiltration is being carried out by the antennary gland, and th a t the differential retention and excretion of ions which may be deduced from these figures may well be an im portant factor in ionic regulation. The composition of the urine of Cancer and of is very similar, and is very close, especially in Maia, to th a t of sea water. In both cases potassium is retained, magnesium and sulphate selectively excreted, and sodium and chloride passively excreted, their concentration in blood and urine being much the same. This is w hat might be expected from the high potassium and low magnesium and sulphate concentrations in the blood. The case of Eriocheir is rather different, since it maintains a hypo tonic blood when living in sea water. 
T a b l e 5. Co m p o s it io n o p t h e u r i n e o p m a r in e Cr u s t a c e a , fr o m t h e DATA OP PREVIOUS AUTHORS. CONCENTRATIONS OF EACH ION ARE EXPRESSED AS PERCENTAGES OF THEIR CONCENTRATIONS IN THE BLOOD
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As no data have hitherto been published on the composition of the urine of Carcinus, several analyses were made of samples collected from crabs living in both normal and modified sea water. The urine was collected by raising the operculum a t the opening of the gland and receiving the fluid in a cannula as it ran out. If the cannula is inserted into the bladder, there is always a risk of laceration of the wall and contamination of the urine with blood. Table 6 represents the average of five separate analyses of the urine of crabs which had been kept for 48 hr. in normal sea water containing 19-20 g. Cl per litre. I t will be seen th at, as in Maia and Cancer, there is retention of potassium and elimination of magnesium and sulphate, but th a t with regard to the last two ions the selective excretion is far more pronounced in Carcinus than in the other forms. The concentrations of magnesium and sulphate in the urine considerably exceed not only those in the blood but also those in the external medium. 
T a b l e 6. Co m p o s it io n o f t h e u r i n e o f Ca r c in u s
KEPT IN NORMAL SEA WATER
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As a further test of the importance of this function of the antennary gland, urine was collected from crabs th a t had been kept for 36 hr. in a mixture of sea water (25 parts) with isotonic (0-81 m ) magnesium sulphate (1 part). By this means the magnesium content of the external medium is increased by 56 % and the sulphate content by 108 %. Under these con ditions, as may be seen from table 7, which shows the concentration of certain ions in the blood and urine, an increased activity of the antennary gland in eliminating magnesium and sulphate keeps the concentration of these ions in the blood down to a level very little above the normal.
To obtain a complete idea of the importance of the antennary gland in ionic regulation it is necessary to know not only the composition of the urine, but also the rate at which it is produced. Estimates of this rate have been made for several species of decapods, including Carcinus, by previous workers, and are summarized in table 8. The variation in the urinary out put of Carcinus in accordance with the concentration of the external medium need not concern us a t the moment, but it will be seen th a t there is a dis crepancy between Nagel's figures and those of Bethe the former being about double the latter and considerably higher than the figures obtained for any other species. A few estimates which I have made of the rate of urine production in full-strength sea water gave an average value of 4*7 % of the body weight per day. This is in reasonable agreement with the figure of Bethe et al. (taking into account the difference in concentration of t external medium), and I am inclined to think th a t Nagel's figures are too high. The method used was the same as th a t used by both these authorsweighing over intervals not exceeding 12 hr. crabs whose antennary gland openings had been sealed with dental cement. For the purposes of the subsequent discussion it will be assumed th a t the urinary output of Carcinus in normal sea w ater is 5 % of the body weight per day. Little meaning can be attached to these figures until their relation to the blood volume is known. This has been estimated by Nagel (1934) as 37 % of the body weight in Carcinus, and by Krogh (1938 c) as 33 % in Eriocheir. Both these authors relied on injection methods, the former using iodide, the latter thiocyanate. Three determinations which I have made on Carcinus, by estimating the total quantity of chloride in the body, and assuming th a t it is all in the blood, yield a very similar figure, namely 36 %. The necessary assumption th a t the intracellular chloride amounts to less than 5 % of the total is probably justified, since although Bear and Schmitt (1939) and Webb and Young (1940) have shown th a t chlorides are present in considerable quantities in the nerve fibres of cephalopods, the analyses of Manery (1939) and of Krogh (1938 b) suggest th a t in muscle and other tissues which contribute largely to the total weight of the animal the concentration of intracellular chloride, even in marine invertebrates, is so low th a t it is unlikely to cause more than a very small error in estimating the blood volume by this means. 3 5 % may therefore be accepted as a round figure for the blood volume of Carcinus, and probably also of other crabs.
This figure may a t first sight seem rather startling in comparison with th a t for the blood volume of mammals (c.
of the body weight), but it must be remembered th a t the comparison should be made, not with the blood, but with the total volume of extracellular fluid, since in the Crustacea the blood fulfils also the functions of lymph and other transudates in mammals. Since the extracellular fluid of mammals amounts to 25-30 % of the body weight (Harrison, Harrow and Yannet 1936) , a figure of 3 5 % for Carcinus is not unreasonable.
I t may therefore be concluded th a t the antennary gland of Carcinus, when it is living in sea water, has a daily output equivalent to 14 % of the blood volume. This implies an activity considerably greater than th a t of the human kidney, which secretes daily a volume of urine equal to 25 % of the blood volume, but to only 7| % of the volume of the extracellular fluid. Since it has already been shown th a t this excretion is characterized by a very considerable power of differentiating between the various ions present in the blood, it must be concluded th a t the antennary gland is a very im portant part of the mechanism of ionic regulation. This may be illustrated by two calculations. If it is assumed th a t the magnesium and sulphate enter the body by diffusion through the gills, an assumption which will be justified later, and th a t the rate of entry is therefore proportional to the difference in concentration between blood and external medium, it may be shown th a t a reduction by 5 0 % in the rate of secretion by the antennary gland, the composition of the urine remaining the same, would raise the blood magnesium by 7 2 % and the blood sulphate by 3 5 %. If on the other hand the volume of urine secreted remained the same, but its composition were th a t of a blood ultrafiltrate, the blood magnesium would rise by 92 % and the blood sulphate by 32 %. Similarly the concentration of potassium in the blood would fall, though the effect in this case would not be so pronounced.
T h e r e g u l a t o r y m e c h a n is m
(1)
The absorption of salts. Our whole picture of the salt balance of fres water animals has been radically changed within the last three years by the very im portant researches of Krogh (1937 Krogh ( 1937 Krogh ( b, 1938 Krogh ( a, 1939 on the active absorption of ions by these animals from very dilute solutions. Previously it seems to have been believed th a t the only source from which a fresh-water animal could replenish the salts lost in the urine and by diffusion through the body surface was its food. B ut numerous species can live for many weeks w ithout taking food, and without allowing the salt content of their blood to fall by more than a few per cent. The assumption made by many authors (e.g. Scholles 1933) th a t in these circumstances the blood draws on stores of salts laid up in the tissue cells is demonstrably false; for although Bethe (1929) showed th a t in Carcinus considerable quantities of calcium could be mobilized from the cuticle, and of potassium from the tissues, when the supply of these ions in the external medium was cut down, his conclusions cannot be applied to all ions alike. I t is uni versally acknowledged th a t those which are likely to be lost in the largest quantities by excretion and diffusion, namely sodium and chloride, are either absent altogether from the tissue cells, or else present in amounts so small as to be useless as a store. These considerations apply also to the urinary excretion of salts by starving individuals of poikilosmotic, iosotonic forms such as Maia . Even Krogh (1939) in this instance assumes th at the tissues are the source of the salts, but a comparison of the figures given by Bialaszewicz (1932) for urinary output and composition, with those of Krogh himself (1938 6) for the composition of crustacean tissues, shows that, even at the most favourable estimate, the stores would last for only 3 or 4 days, whereas in fact the animal can survive starvation for several weeks.
The work of Krogh, and also of Koch (1938) and Wigglesworth (1938) , has, however, shown th a t a very large number of freshwater animals can absorb certain ions (especially sodium and chloride, usually potassium as well, and sometimes calcium) through their integument against a concen-tration gradient. The experiments have for the most part been preceded by a " washing o u t" of the animal in distilled water, th a t is by exposing it to conditions in which salt loss is inevitable, till the concentration of its body fluids becomes subnormal. I t is then transferred to tap water, natural stream water, 1/100 Ringer, or some similar solution in which salts are present, but in concentrations of the order of 1 % of those in the body fluids. The absorption of salts from such solutions has been demonstrated in frogs, fish, molluscs, crustaceans, insect larvae and leeches. The absorption must be presumed to go on continuously under normal conditions, and the preliminary washing out, which is necessary to demonstrate the process, is not necessary to initiate it. Normally the active absorption of salts exactly balances the loss th a t takes place by diffusion and excretion.
I t would seem th a t the phenomena both of osmotic and of ionic regula tion are best explained by supposing th a t this process of active salt ab sorption goes on not only in dilute media, but also in full-strength sea water, though it is carried out more vigorously in the former. It has already been pointed out th a t the concentrations of sodium, potassium, calcium and chloride in the blood of crabs which are living in sea water cannot be explained by diffusion and excretion alone, since they are higher than the equilibrium values. I t is significant th a t these four ions are those which Krogh finds to be actively absorbed by fresh-water animals. Magnesium and sulphate are not actively absorbed, so th a t their concentration in the blood of Carcinus is the resultant of the processes of inward diffusion and differential excretion. The analyses set out in table 7 support this idea, as they show th a t the urinary output of magnesium and sulphate, which is of course equal to the quantity w hich enters through the body surface, is pro portional to the concentration difference between the external medium and the blood.
That active absorption of salts can, in certain circumstances, take place in Carcinus is strongly suggested by the results of an experiment made by Nagel (1934) . He demonstrated directly the fact th a t on transferring crabs from one dilution of sea water to another, slightly more concentrated, but still more dilute than the blood, there is a rise in the chloride content and osmotic pressure of the blood. As this is not accompanied by any fall in weight, salts must have been absorbed against a concentration gradient.
This power of active salt absorption must also be attributed to stenohaline forms such as Maia, even though they never make use of it for osmotic regulation. It has been shown th a t the salt loss in the urine of starving individuals cannot be made good from stores in the tissues: the salts must therefore enter through the body wrall. Since the blood is iso-tonic with the external medium, this implies active transport. Here again magnesium and sulphate, being found in smaller concentration in the blood than in the sea water, enter by diffusion, while the other ions are actively absorbed. This theory explains, incidentally, why in all animals, and especially Crustacea, in which there is a continuous excretion of salts, there is some degree of ionic regulation, the magnesium and sulphate content of the body fluid being lower than th a t of the medium.
W ith regard to the maintenance of a potassium concentration in the blood higher than th a t in the medium, it seems justifiable, for Garcinus at any rate, to assume th a t the mechanism of active absorption discriminates little, or not a t all, between sodium and potassium, so th a t the amount of these ions absorbed is in proportion to their concentration in the medium. There is a certain amount of passive diffusion of potassium in the opposite direction, but this is compensated for by the selective activity of the antennary gland, which excretes proportionately less of potassium than of any other ion. The factors influencing the calcium balance are more complex, as the stores in the cuticle tend to mask any tem porary change in it; furthermore the indiffusible nature of much of the blood calcium must not be forgotten. On the whole it would appear from my analyses and those of Robertson (1937) th a t in the inter-moult phase a comparatively small amount of active absorption goes on, but this probably increases greatty after moulting.
A possible objection to the theory outlined above is Krogh's (1938 claim th a t sulphate ions do not diffuse into the blood of Eriocheir from the surrounding medium. This conclusion is, however, reached only by ignoring the activity of the antennary gland. The figures in table 7 for the blood of Carcinus living in sea w ater with excess magnesium sulphate might be cited as showing that, since in these conditions the sulphate concentration in the blood scarcely rises above normal, the integument is impermeable to sul phates. Actually the analysis of the urine shows th a t this is not so. In Krogh's experiments the sulphate was being returned to the medium in the urine as fast as it diffused through the integument, and hence its loss from the medium by diffusion into the blood could not be detected (2) The transport of water. A study of the movement of water throug the integument belongs rather to the province of osmotic than of ionic regulation, but it must be considered if the relation between the two pro cesses is to be made out. The question to be decided is whether under normal conditions, th a t is to say when living in full-strength sea water, the water which enters the blood of Carcinus from the external medium, to compensate for the water lost in the urine, moves under the influence of osmosis, or whether it is necessary to postulate an " active" absorption of water as well as of salts.
The principal point at issue is whether under normal conditions Carcinus is exactly isotonic, or whether there is always a small osmotic gradient tending to draw water into the blood. Both Schlieper (1929 a) and Schwabe (1933) claimed th a t Carcinus, except immediately after moulting, is hyper tonic, the difference in freezing-points of blood and water being 0*05° (corresponding to about 2-5 % of the total osmotic pressure). On the other hand, Picken (1936) found some individuals hypotonic and others hyper tonic, but the mean concentrations of blood and sea water showed no sig nificant difference. I have made no direct observations on this point, but the analyses of normal blood in table 2 have some relevance. By calculating the total number of ion-equivalents of all types in both blood and sea water it may be shown that, assuming equal degrees of dissociation in both solutions, the osmotic pressure of the blood due to salts is about 0*7 % higher than th a t of sea water. To this must be added the osmotic pressure of the proteins and of diffusible organic solutes, but it is unlikely th a t these account together for more than 0T % of the total. I t would seem therefore th at even if the blood is, on the average, hypertonic to sea water, the dif ference is less than 1 %, and is probably not constant. Using the figures for gill area and urinary output which have been given earlier, it would appear th a t the movement of water inwards in sufficient quantity under an osmotic gradient equivalent to 1 % of sea water implies th a t the perme ability of the gills is about 2/43//*2/min./atm. This figure is far higher than th a t of all other epithelia and even of most single cell-membranes. I t would seem probable, therefore, th a t other forces besides osmosis are a t work.
There are other lines of evidence leading to the same conclusion. I t has already been shown th a t the ionic regulation of Maia differs only in degree from th at of Carcinus. Schwabe (1933) finds, however, th a t the blood of Maia, as of all stenohaline species, is exactly isotonic with the external medium, yet its urinary output is only slightly less than th a t of Carcinus. There is no option but to conclude th a t the uptake of water in this case is an active process, and there is no reason why the same should not be true for Carcinus.
Again, it is well known th a t Crustacea take in very large quantities of water immediately after moulting. Krogh (1939) believes th a t this water enters osmotically, as a result of a sharp rise in the concentration of the blood before the moult, and quotes figures from Baumberger and Olmsted (1928) 
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a surprisingly large rise in the osmotic pressure of the blood immediately before the moult, but their deduction th a t water enters unaccompanied by salts has been shown by Drach (1939) to be based on an error in calculation. In any case it m ust be remembered th a t the form on which they worked, is normally hypotonic to its environment, so th a t its osmotic relations are different from those of isotonic species. Krogh also maintains th a t the work of Robertson (1937) on Carcinus leads to the same conclusion. In point of fact Robertson showed no increase in the osmotic pressure of the blood before the moult, but merely a decrease in the water content of the whole crab, which is by no means the same. Furthermore, he showed th at the water which enters the body after the moult is accompanied by salts in about the same concentration as in sea water. This has been since con firmed by Drach. I t is therefore quite impossible th a t the water should have entered solely as the result of osmotic forces. The physiological condi tion of a crab during its moult is adm ittedly peculiar, but it is clear th at in some circumstances a t any rate an active transport of water through the integument can take place. I t might perhaps be suggested th a t the uptake of water is an inevitable concomitant of the absorption of salts. Until more is known about the nature of the latter process this must remain a m atter for speculation, but it may be recalled th at Schlieper (1933) claims to have shown th at the ex cretion of salts through the gills of the eel against a concentration gradient is not accompanied by the excretion of any appreciable amount of water. A certain amount of water may be presumed to enter with the salts as water of hydration of the ions, but judging from the figures given by Bethe (1934) and Koizumi (1938) this could not account for more than about an eighth of the whole.
(3) The relation between ionic and osmotic regulation. The active absorp tion of salts forms the basis of the osmoregulatory mechanism, not only in freshwater forms, but also in certain brackish-water forms, including the euryhaline Crustacea. Since, according to the theory which has been out lined above, this process of absorption is also an essential of ionic regula tion, it is clear th a t the two processes must be closely linked together. This connexion was emphasized on other grounds by Pantin (1931 a).
It is of interest, therefore, to inquire into the modifications, if any, which the ionic regulation of Carcinus undergoes when the animal, under the in fluence of a hypotonic environment, initiates osmotic regulation. I t is known th at the steady state attained in dilute sea water is characterized by an excretory rate th a t is greater than the normal (Nagel, 1934) . Ad mittedly the urine, being isotonic with the blood, has a lower salt content than th a t produced in full-strength sea water. But as the fall in the con centration of the blood on transference from full-strength to half-strength sea water is only about 25 %, and the increase in the rate of urine produc tion is about 7 0 %, the rate of salt excretion shows a net increase. There is also, in these circumstances, a considerable rise in the concentration gradient of sodium, potassium and chloride across the gill surface, and consequently a greater loss of these ions by diffusion. For two reasons, therefore, the rate of salt loss, and hence also the rate of salt absorption, must be greater in dilute media. Increased salt absorption and increased excretion should obviously, on the theory of ionic regulation suggested here, lead to an increase in the divergence of the ionic ratios of the blood from those of the external medium. Some analyses which I have made of the blood of crabs th at had reached a steady state in 67 % sea water show th at this takes place, and afford some corroborative evidence for the theory. The analyses are set out in tables 9 and 10. I t should be noticed th at the concentrations of magnesium and sulphate in the blood are reduced, not only relative to the other ions, but also relative to their concentration in the medium, even though this is only two-thirds of the normal. Such a reduction can hardly be of any functional significance, and is most easily interpreted as an inevitable consequence of osmotic regulation. These rela tions between osmotic and ionic regulation are illustrated graphically in figure 7 . The changes in the water balance which accompany osmotic regulation are rather more obscure. A good deal of confusion has been brought about by classing together under the general term " osmotic regulation" two pro cesses which are fundamentally different: first, the attainm ent and main tenance of a steady state characterized by hypertonicity of the blood, and secondly, temporary measures during the transition period, of which the purpose is usually to prevent undue swelling before the permanent regula tory processes are under way. To the second class belongs the greater part of the osmoregulatory activity of certain animals, such as Ounda (Weil and Pantin 1931; Beadle 1934) &nd N ereis diversicolor (Sc 1931 (Sc , 1937 Ellis 1937 Ellis , 1939 )-This latter species is able to maintain a hyper tonic body fluid indefinitely in dilute media, but its power of rapidly ac commodating itself to changes in salinity without too much swelling is far more im portant for its survival under normal conditions. W ith regard to Gunda, it has yet to be shown th at hypertonicity can be permanently main tained.
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Ionic regulation in Carcinus m aenas In Carcinus both aspects of osmoregulation seem to be im portant. Bethe (1934) and Bethe, von Holst and H uf (1935) came to the conclusion th a t the rise of internal pressure which resulted'from osmotic absorption of water was the stimulus to regulation, and th a t it was truer to speak of Carcinus as homoiobar than as homoiosmotic. H uf (1936) , however, was able to show th at the attachm ent of a wide sea-water manometer to a crab (by which means pressure changes were minimized) did not prevent the maintenance of hypertonicity when the medium was diluted. I t is probable th a t the effects of pressure are very im portant in stimulating an increase in the rate of urine production during the initial transitional period, but th at once the steady state has been established the blood pressure returns to normal. In the same paper H uf showed th at for the first 3 hr. after a crab had been immersed in 50 % sea water urine is produced at a rate equivalent to almost 40 % of the body weight per 24 hr. This is certainly not m aintained; so it would seem th a t the steady state is characterized by a reduction, though perhaps not a very large one, in the permeability of the gills to water. This point, as it concerns osmotic regulation alone, and has no effect on the ionic ratios in the blood, need not be pursued further. Enough has been said to make it plain th a t much, if not all, of the permanent part of osmo regulation is brought about by an intensification of the activities to which ionic regulation must be ascribed. 
